Introduction
Block copolymers (BCPs) consist of two or more chemically distinct polymer chains covalently bonded at one end. Immiscible segments in the blocks spontaneously induce to create microphase-separated nanostructures with periodic features of spherical, cylindrical or lamellar microdomains of the length ranging from approximately 5 to 50 nm, which can be controlled by the volume fraction and molecular weight of the blocks [1] . Recently, BCP thin films have attracted a great interest because the features of oriented and aligned microdomains can provide a potential application of nanolithography as a variety of patterned templates such as a high density data storage, photonics, sensors, catalysts and tissue engineering etc [2] .
Precise control of the orientation and alignment of nanostructures is essential for the patterned templates. Russell et al. reported a creation of vertically oriented BCP nanostructures by using a neutral layer, which is a modified substrate with hydroxyl terminated PS-r-PMMA random copolymer brushes [3] . They also succeeded to build up a method of solvent vapor annealing for a vertically orientation of PS-b-PEO nanostructures in the thin films [4] . Nealey et al. developed a method of chemical registration which can provide the formation of long range and well-ordered nanostructures of BCPs based on a chemically modified line or dot patterned substrate [5] . On the other hand, it is known a graphoepitaxy technique as a straightforward pathway for controlling the ordering of BCP domain. Kramer et al. reported the formation of well-ordered hexagonally packed spheres on a trench substrate prepared by conventional lithographic technology [6] . Epitaxial growth of BCP microdomains is nucleated by the edges of the mesas.
In the next step process of the nanolithography, it is normally necessary the dry etching with O 2 plasma for the well-ordered microphase-separated structures of BCPs to provide the patterned templates. In order to obtain the patterns with a high aspect ratio, developing the suitable BCP with a high contrast of the etch resistance is essential. Because most of the conventional BCPs such as poly(styrene)-b-poly(methyl methacrylate) (PS-b-PMMA) composed of all of organic segments in both polymer blocks, namely organic-organic BCPs, show insufficient contrast in the etch resistance. Furthermore, the relatively smaller Flory-Huggins interaction parameters χ limit to miniaturizing the sizes of the periodic domains. In contrast, there have been only a few reports of BCPs composed of a metal and/or siliconcontaining segment in the blocks, even though they are expected not only higher contrast of the etch resistance, but also larger χ parameter in comparison to those of the organic-organic BCPs. films were measured by using a Hitachi S-4800 SEM.
Results and Discussion
In the previous study, we revealed that PMMA-b-PMAPOSS forming PMMA cylinder in the bulk shows the formation of polycrystalline hexagonal PMMA dot patterns in the thin film on a flat Si substrate by solvent vapor annealing with CS 2 . The pattern formation and the d-spacing of PMMA 27 -b-PMAPOSS 14 , which is the sample in this study, were first investigated by AFM measurement. Note that the molecular weight (M n ) and volume fraction of PMAPOSS (φ PMAPOSS ) are 16,200 and 0.83, respectively, and the bulk morphology is the PMMA cylinder with d spacing of 14.1 nm measured by small angle X-ray scattering (SAXS). The thin film annealed by solvent vapor with CS 2 for 4 h indicated the formation of the high density hexagonally packed dot pattern with d spacing of 14.9 nm measured by 2D fast Fourier transform (FFT) image. The d-spacing is slightly larger than that of the bulk, indicating the swelling of the polymer with CS 2 during the solvent vapor annealing. No hexagonal dot spots were observed in the FFT image. This indicates that the resulting dot structures form polycrystals with the hexagonally packed microphase-separated nanostructures. For a long range alignment of the dot structures, the trench patterned substrates with the side walls/bottoms of Si/Si and Si/Si 3 N 4 were used. Figure 1b shows AFM phase image of PMMA 27 -b-PMAPOSS 14 thin film on the flat Si/Si trench pattern (width: 330 nm) annealed with CS 2 vapor for 4 h. This image shows more aligned hexagonal dot patterns than that of the flat Si substrate. This result indicates that the PMMA dots aligned along by the Si walls and propagated to the center of trench to create large area ordering. Although most of dot structures formed a hexagonally packed structure in the trench patterns, poly crystals with some of grain boundaries were also observed (see figure 1b upper right). On the other hand, the thin films on the Si/Si 3 N 4 trench pattern substrates (width: 350 nm) casted and annealed with same conditions displayed well-aligned and nearly perfect single crystal of hexagonally packed dots over several micrometers length scale as shown in Figure 1c calculated from the d spacing and trench pattern width.
Self-assembly of PMMA-b-PMAOSS in the thin films on the trench patterned substrate with Si and Si 3 N 4 walls under CS 2 solvent vapor annealing exhibited differences over the ability of long range alignment. To reveal the influence of the wall materials, we investigated the wettability of PMMA and PMAPOSS with Si and Si 3 N 4 , respectively. The film samples were prepared from the PMMA 262 -b-PMAPOSS 23 solution in cyclopentanone by spin-casting and subsequently thermal annealing at 160 o C for 24 h, which forming lamellae on the Si and Si 3 N 4 substrates. The cross-sectioned structures were observed in the SEM images. The images shown in Figure 2 indicate the brighter and darker regions are corresponding to PMAPOSS and PMMA, respectively, due to be the high electron density of PMAPOSS domains. Top layer of the thin films was covered by deposited Si due to argon milling process during the sample preparation. In case of the Si substrate, it was revealed that the PMMA 262 -b-PMAPOSS 23 thin film formed PMMA half layers on the substrate, which indicates PMMA is able to wet to Si substrate. On the other hand, PMAPOSS half layer was obtained on the Si 3 N 4 substrate. This indicates selective wetting of PMAPOSS on the Si 3 N 4 substrate. From these results, it was found that the PMAPOSS domains are preferentially contacted to the Si 3 N 4 walls and the selective wet property leads to a long range alignment of the PMMA dot structures along by the line of walls in the Si/Si 3 N 4 trench patterns, while the PMMA domains are difficult to face the Si walls perfectly because of the lower volume fraction of PMMA in PMMA 27 -b-PMAPOSS 14 .
Effect of the annealing time for the long range alignment was investigated in a variety of widths of the trench patterned Si/Si 3 N 4 substrates. Figure  3a and b show the AFM images of the samples annealed with CS 2 solvent vapor annealing for 4 h on the substrates with the trench width of 560 and 770 nm, respectively. Nearly perfect alignment of dot structures along by the edge lines of the trench patterns was obtained in the substrate with 560 nm width, while some of the defects which are grain boundaries were observed in the film on the substrate with 770 nm width. Figure 3c shows the long range alignment on the substrate with 1000 nm width annealed with a longer time for 8 h, exhibiting the well-ordered hexagonally packed dot nanostructures. This indicates that the alignment of dot structures is positively affected by time of solvent vapor annealing, even in case of using more widely patterned substrate. This is due to occurring the self-assembly of hexagonally packing of dots from both sides of the walls toward the center of trench. By using the suitable substrates and optimizing the annealing conditions, it was eventually achieved nearly perfect hexagonally packed dot structures with several micrometer length scales for the PMMA-b-PMAOSS, which corresponding to more than the density of 2.5 Tb/inch 2 .
Conclusion
Directed self-assembly of organic-inorganic hybrid block copolymers bearing polyhedral oligomeric silsesquioxane, PMMA-b-PMAPOSS, was performed via combining techniques of graphoepitaxy and solvent vapor annealing. The J. Photopolym. Sci. Technol., Vol. 23, No. 2, 2010 
